T h e ne w e ngl a nd jou r na l o f m e dicine n engl j med 354;25 www.nejm.org june 22, 2006 A 16-year-old boy with a 15-year history of asthma from the age of one year and two visits to the emergency department in the past year presents for evaluation. He reports symptoms consistent with those of severe persistent asthma (including awakening from sleep five of seven nights) while taking a high-dose inhaled corticosteroid (fluticasone, 1000 µg per day) in combination with a long-acting bronchodilator. Skin testing is positive for two species of house-dust mites, several molds, and pollen. The total serum IgE level is 436 IU per milliliter (normal range for age, 6 to 97). The patient is referred to a specialist, who recommends treatment with omalizumab.
The Clinic a l Problem
Asthma is a disease that causes debilitating daily symptoms and unexpected acute exacerbations of symptoms. Symptoms lead patients to limited activity, absences from work or school, hospitalizations and visits to the emergency department, and a reduced quality of life. As a result, patients and their family members have both personal and economic hardship. From the perspective of public and societal health, approximately 17 million people in the United States have been estimated to have asthma, one third of them children. 1 The burden of morbidity and mortality falls most heavily on blacks and Hispanics. 1-3 Asthma in the United States costs an estimated $12.7 billion annually, with most of this cost attributable to direct medical expenditures and medication. 4 IgE plays a central role in the pathophysiology of asthma (Fig. 1 ). The two essential phases in this pathophysiology are sensitization to allergen and clinical expression of symptoms on reexposure to the sensitizing allergen. During sensitization, inhaled antigen (i.e., aeroallergen) is taken up by antigen-presenting dendritic cells lining the airways. The allergen is then processed and presented to antigen-specific T cells. In some persons, these T cells respond by producing cytokines that stimulate the development of IgE-producing B cells. The Fc portion of circulating IgE then binds to high-affinity receptors (FcεRIs) present on the surfaces of mast cells and basophils. 5, 6 On reexposure, the sensitizing allergen cross-links IgE molecules present on mast-cell and basophil surfaces. This initiates degranulation and the release of inflammatory mediators, including histamine, prostaglandins, leukotrienes, chemokines, and cytokines. These mediators precipitate an immediate acute-phase reaction, resulting in acute bronchospasm, expressed clinically as an episode of acute asthma. Continued expression of mediators enlists an inflammatory response designated the late-phase reaction, which causes persistent symptoms, airway hyperresponsiveness, and bronchospasm.
IgE may also facilitate sensitization to allergens. Dendritic cells express FcεRIs and have been found to bind IgE, which is thought to focus antigen at the cell surface. Tr e atment
Effect of Therapy with Omalizumab
Omalizumab (Xolair, Genentech) is a recombinant humanized IgG1 monoclonal anti-IgE antibody that binds to the IgE molecule at the same epitope on the Fc region that binds to FcεRI. 11, 12 This design means that omalizumab is not anaphylactogenic, since it cannot interact with IgE that is already bound to cell surfaces and thus cannot induce degranulation of mast cells or basophils. 8, 13 Instead, omalizumab binds to circulating IgE, regardless of allergen specificity, forming small, biologically inert IgE-anti-IgE complexes without activating the complement cascade. 8, 12, 14 An 89 to 99 percent reduction in free serum IgE (i.e., IgE not bound to omalizumab) occurs soon after the administration of omalizumab, and low levels per- Aeroallergens initially interact with the immune system when they are taken up by dendritic cells (Panel A). This process occurs by phagocytosis and may be enhanced after initial sensitization by the binding of allergen-specific IgE to high-affinity receptors (FcεRIs) on the surface of dendritic cells. Dendritic cells process the allergen and present it, bound to major-histocompatibility-complex (MHC) molecules, to T cells. T cells are stimulated by the interaction of MHC-bound antigen with surface T-cell receptors, causing T-cell proliferation and the subsequent release of cytokines. These cytokines stimulate B cells to become plasma cells that produce IgE. B cells express low-affinity Fcε receptors (FcεRIIs); interaction of IgE with these receptors may influence B-cell differentiation and regulation of IgE synthesis. IgE produced by plasma cells binds to the surface of mast cells and basophils and, when cross-linked by allergen, induces degranulation and the release of inflammatory mediators. This process results clinically in an acute asthma attack. Omalizumab is a monoclonal anti-IgE antibody that binds to the Fc region of the IgE molecule (Panel B). In so doing, omalizumab prevents IgE from binding to cell-surface receptors. Omalizumab is unable to bind to IgE molecules that are already bound to FcεRIs; as a result, it cannot induce anaphylaxis. Reduced binding of IgE to FcεRIs on mast cells and basophils inhibits degranulation and the release of inflammatory mediators. There is also marked down-regulation of FcεRIs. Reduced IgE binding to FcεRI on dendritic cells may reduce the ability of these cells to process antigen efficiently. Reduced IgE binding to FcεRII on B cells is thought to alter B-cell differentiation and the regulation of IgE synthesis. All these effects may contribute to the prevention of acute exacerbations of asthma. 
Evidence of a Clinical Benefit
There are four core randomized, double-blind clinical trials that have compared omalizumab, administered subcutaneously, with placebo. [22] [23] [24] [25] In these trials, patients had had asthma for at least one year and required treatment with inhaled corticosteroids. All patients had at least one positive skin test to a perennial aeroallergen (specifically, dust mites, cockroaches, or dog or cat dander), as well as an elevated total serum IgE level. During the course of each trial, inhaled corticosteroids were initially maintained at a stable dose, followed by a phase of dose reduction to the lowest dose required for asthma control. These trials all demonstrated a clinical benefit from omalizumab, although the specific findings varied. Three of the trials evaluated patients with moderate-to-severe persistent asthma (requiring doses of inhaled beclomethasone, or its equivalent, ranging from 168 to 1200 µg per day). Two of these three trials included adolescents and adults, 22,23 and one was a study of children 6 to 12 years of age. 24 In these three trials, treatment with omalizumab as compared with placebo was associated with significantly fewer exacerbations of asthma per patient, and a significantly lower percentage of patients had an exacerbation. In addition, the dose of inhaled corticosteroids required to control symptoms was significantly less among patients treated with omalizumab than among those who received placebo.
The fourth trial evaluated patients with more severe asthma who required high-dose inhaled corticosteroids for symptom control (fluticasone, ≥1000 µg per day). 25 In this trial, no significant effect on the frequency of exacerbations was seen, although the dose of inhaled corticosteroids required to control symptoms was significantly lower among patients treated with omalizumab.
A fifth clinical trial involved patients who required at least 1000 µg per day of inhaled beclomethasone plus a long-acting bronchodilator for symptom control. 26, 27 The study demonstrated a decrease in the rate of exacerbations of asthma only after adjustment for an imbalance in the number of exacerbations in the year before enrollment. 27 Among several secondary outcomes in these trials, quality-of-life measures stand out as being notably improved.
Clinical Use
The role of omalizumab in the management of asthma has not yet been precisely defined. Patients with persistent asthma (defined as asthma with symptoms that occur more than two days a week or nocturnal symptoms that occur more than twice a month 28,29 ) have several treatment options in addition to the use of inhaled β-adrenergic agonists. These include environmental control (i.e., the elimination or minimization of exposure to aeroallergens), pharmacologic control (i.e., the use of inhaled corticosteroids, leukotriene modifiers, or both), and possibly, immunologic control (i.e., immunotherapy for relevant antigens). In addition, evaluation for coexisting conditions such as allergic rhinitis, sinusitis, and gastroesophageal reflux disease may prove beneficial.
Patients who are particularly likely to benefit from the use of omalizumab include those with evidence of sensitization to perennial aeroallergens who require high doses of inhaled corticosteroids that have a potential for adverse side effects, those with frequent exacerbations of asthma associated with unstable disease, and possibly, those with severe symptoms related in part to poor adherence to daily medication. Analyses of pooled data from published clinical trials have indicated that patients who had a response to omalizumab had a ratio of observed to expected forced expiratory volume in one second (FEV 1 ) of less than 65 percent, were taking doses of inhaled corticosteroids equivalent to more than 800 µg of beclomethasone dipropionate per day, and had had at least one visit to the emergency department in the past year. 30,31 Patients requiring daily oral corticosteroids to control their asthma may be less likely to have a response to omalizumab.
A total serum IgE level should be measured in all patients who are being considered for treatment with omalizumab, because the dose of omalizu- (Table 1 ). This dose is based on the estimated amount of the drug that is required to reduce circulating free IgE levels to less than 10 IU per milliliter.
Monitoring of total serum IgE levels during the course of therapy with omalizumab is not indicated, because these levels will be elevated as a result of the presence of circulating IgE-anti-IgE complexes. 13 No other laboratory tests seem to be necessary, since there have been no clinically significant laboratory abnormalities noted during treatment.
Preparation for Use
Omalizumab is supplied as a lyophilized, sterile powder in single-use, 5-ml vials designed to deliver either 150 or 75 mg on reconstitution with sterile water (not normal saline) for injection. The powder requires 15 to 20 minutes or more to dissolve. There are fewer injection-site reactions when the solution is not injected until it is completely clear. The solution is viscous and must be carefully drawn up into the syringe before it is administered. The injection itself may take 5 to 10 seconds to administer. Once prepared, the drug must be used within four hours if at room temperature or eight hours if refrigerated. Because of these requirements for preparation and the high cost of the drug, some practitioners require patients to schedule appointments for injection, and many do not prepare the injection until the patient arrives. This results in visits that take 60 minutes or more, since 30 minutes of observation is recommended after the injection. In general, current asthma symptoms are not a contraindication to the administration of omalizumab.
Total serum IgE levels will generally increase during treatment, because of the presence of circulating IgE-anti-IgE complexes. 33 An investigative method for measuring free serum IgE levels has recently been reported and may provide an opportunity for monitoring optimal omalizumab dosing. 33 In addition, recent in vitro studies of the effect of omalizumab on the accuracy and reproducibility of assays of total and allergen-specific IgE antibodies 34 suggest that the use of a specified commercial assay may help optimize dosing and maximize omalizumab therapy. There is, at present, no reported clinical experience with such approaches.
Cost
Omalizumab is considerably more expensive than conventional asthma therapy. The cost of treatment may range from $4,000 to $20,000 per year, depending on the dose, 35 with an average of approximately $12,000 per year. This compares with approximate costs per year of $1,280 for monte- 
Response to Treatment
Response to treatment can take several weeks to become apparent. 13 Among patients in a clinical trial who had had a response to omalizumab by 16 weeks, 87 percent had done so by 12 weeks. 30 These data suggest that patients should be treated for at least 12 weeks before efficacy is assessed. Given that serum IgE levels and the numbers of FcεRIs increase after therapy is discontinued, 36 it seems that treatment needs to be continued for efficacy to persist, but no studies have been reported on the duration of effects after discontinuation. If treatment is interrupted before nine months have elapsed since the last injection, treatment should be resumed at the dose initially prescribed. Dosing may need to be adjusted in the event of substantial changes in body weight (Table 1) .
Adverse Effects
Potential safety concerns identified by the Food and Drug Administration (FDA) in reviewing trial data on omalizumab included risks of the development of cancer and anaphylaxis. Cancer developed in more patients exposed to omalizumab than in those who received placebo (20 of 4127 [0.5 percent] and 5 of 2236 [0.2 percent], respectively). 37 They were predominantly epithelial or solid-organ cancers; one case of hematologic or lymphatic cancer was noted. Since the majority of patients treated with omalizumab have been observed for only a year, the effect of longer exposure or of use in patients who are at increased risk for cancer is not known. Therefore, omalizumab probably should not be used in patients with a history of cancer or a strong family history of cancer until this risk relationship is better understood.
Omalizumab is intended to prevent any risk of anaphylaxis, since the agent cannot interact with IgE that is already bound to cell surfaces. However, in clinical trials, three patients (<0.01 percent) had anaphylaxis. 37 Two of the reactions were temporally associated with omalizumab administration; the reactions were not immediate but occurred within two hours after the first injection.
Other adverse events seen more often with omalizumab than with placebo in clinical trials have included rash, diarrhea, nausea, vomiting, epistaxis, menorrhagia, hematoma, and injectionsite reactions. 37 The most common adverse events were viral infections, upper respiratory tract infections, sinusitis, and headaches, but these were not more common with omalizumab than with placebo and therefore are unlikely to be side effects of the drug. An analysis of the safety data among children after the use of omalizumab for 1 year, which included a 28-week core study and a 24-week open-label extension, 24 showed upper respiratory tract infections and headache to be more frequent in the omalizumab group than in the placebo group. Eleven patients (4.9 percent) in the omalizumab group had urticaria; only one case was severe enough that the patient discontinued participation in the study. 38 Theoretically, the administration of omalizumab could induce antibodies to the murine components of the drug. However, no immune complex-mediated pathologic conditions that might develop as a result of the formation of such antibodies have been observed. Also, the potential for omalizumab to interfere with the role of IgE in the clearance of parasitic infections is a possible concern. Although no clinical problems related to such an effect have been seen, this might be a potential concern in specific populations. Further information is needed on the safety profile of omalizumab after long-term use.
A r e a s of Uncerta int y
The clinical trials of omalizumab enrolled patients with precisely defined characteristics of asthma, including sensitivity to specific perennial aeroallergens (i.e., dust mites, cockroaches, and dog or cat dander). The role of omalizumab in patients with asthma who have allergies to other aeroallergens, such as molds or pollens, or who have negative allergy skin tests, has not been defined. It is also not clear to what extent omalizumab might be effective in patients with total serum IgE levels outside the trial ranges (30 to 700 IU per milliliter for patients 12 to 75 years of age).
In clinical practice, there is considerable variability of response to omalizumab therapy. The reasons for this variability have not been established; studies are needed to determine whether specific characteristics of individual patients may help to predict response. The clinical trials performed to date have evaluated omalizumab only as adjunctive therapy with inhaled corticosteroids as compared with placebo. They have not evaluated the relative benefit of this agent in comparison with other available therapies, such as leukotriene modifiers or theophylline. Also needed are comparisons with asthma therapies that are available for patients for whom low-dose inhaled corticosteroids do not control the asthma and who need step-up management (i.e., an increased dose of the corticosteroid or the addition of another medication). 28, 29 Furthermore, the clinician should give consideration to the actual clinical relevance of the moderate corticosteroid-sparing effects observed in the trials, even if these reductions were significant, as well as to the substantial improvements noted in placebo groups. Given that the cost of omalizumab is substantially greater than that of conventional asthma therapy, the potential costeffectiveness of this form of treatment will be important to assess.
The efficacy and safety of omalizumab have not been established for durations of treatment that exceed one year, and it is not known how long clinical effects may persist after therapy is discontinued. Since asthma is a chronic disease, long-term studies, especially in children, are needed to evaluate the effect of serum IgE suppression throughout development; adverse effects may become apparent only with follow-up into adulthood. We know of only one study to date that has been performed exclusively in the pediatric age group. 24 Efficacy and safety studies are also needed for geriatric and nonwhite patients.
Guidelines
The most recent formal asthma management guidelines of the National Heart, Lung, and Blood Institute were published in June 2003, the same month that omalizumab received FDA approval. 29 These guidelines made no recommendation regarding the use of omalizumab, although they did note that "because of the importance of IgE to the pathogenesis of allergic diseases and inflammation, the development of humanized monoclonal antibodies has become a possible treatment."
R ecommendations
The patient in the vignette has clinical characteristics consistent with those of the patients in the clinical trials of omalizumab. However, we would recommend careful evaluation of his compliance with his current regimen of medications before making any change in therapy. In addition, because omalizumab is so expensive, we would consider a trial of therapy with a leukotriene modifier or extended-release theophylline. If these measures do not prove effective, we would recommend the addition of omalizumab to his current regimen. His total serum IgE level (436 IU per milliliter) would indicate a dose of omalizumab of 300 to 375 mg subcutaneously every two weeks, depending on his weight. We would observe his response to a stable dose of inhaled corticosteroids for 16 weeks; if he had a substantial reduction in the frequency of exacerbations of asthma, we would then recommend gradual reduction in his inhaled corticosteroids to the lowest dose that still produces consistent asthma control.
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